It is known that the classical capillary pressure-saturation relationship may be deficient under nonequilibrium conditions when large saturation changes may occur. An extended relationship has been proposed in the literature which correlates the rate of change of saturation to the difference between the phase pressures and the equilibrium capillary pressure. This linear relationship contains a damping coefficient, τ, that may be a function of saturation. The extended relationship is examined at the macro-scale through simulations using the two-phase simulator MUFTE-UG. In these simulations, it is assumed that the traditional equilibrium relationship between the water saturation and the difference in fluid pressures holds locally. Steady-state and dynamic "numerical experiments" are performed where a non-wetting phase displaces a wetting phase in homogeneous and heterogeneous domains with varying boundary conditions, domain size, and soil parameters. From these simulations the damping coefficient τ can be identified as a (non-linear) function of the water saturation. It is shown that the value of τ increases with an increased domain size and/or with decreased intrinsic permeability. Also, the value of τ for a domain with a spatially-correlated random distribution of intrinsic permeabilitiy is compared to a homogeneous domain with equivalent permeability; they are shown to be almost equal.
Introduction
For the simulation of two-phase flow processes, as e.g. the flow of an organic contaminant through an aquifer, a correctly determined constitutive relationship between saturation and capillary pressure plays a paramount role. Whereas fluid properties and structure properties such as porosity or permeability are well examined and known the determination of the fluid-structure interaction still poses a lot of questions. Thus during recent decades many experimental and methodical works have dealt with measuring or theoretically deriving this functional relationship. Beside hysteresis phenomena, researchers have identified a non-uniqueness arising from dynamic flow conditions. A review of experimental evidence from the literature is given by HASSANIZADEH ET AL. (2002) . The influence of the flow conditions on capillary pressure (P c )-saturation (S w ) relationships is illustrated with experiments carried out by TOPP ET AL. (1967) . They measured three P c -S w curves in the laboratory under a variety of flow conditions for quasi-static, steady-state and dynamic conditions ( Fig. 1-1 ). The curves for the quasi-static and the steady-state cases, where the rate of change of water saturation t S ∂ ∂ / w is zero at the shown data points, differ only slightly. In contrast, the dynamic curve, arrived at by increasing the gas pressure at the upper end of an initially fully water-saturated soil sample within ∆t=100 min from Pa 0 n = P to Pa 550 n = P , lies above the two other ones.
Consequently, the relationship between saturation and capillary pressure cannot be regarded as unique. Many other experimental results have shown a dependence on the flow conditions, too (see HASSANIZADEH for reference). With an increasing pressure gradient, induced at the boundaries, the difference between the equilibrium and the dynamic P c -S w relationship becomes larger.
water saturation S w [-] capillary pressure P In numerous applications, such as the decontamination of a NAPL spill, in oil recovery, or technical applications such as paper production, filters, large gradients occur. For the simulations of the two-phase flow processes, nevertheless, unique relationships between capillary pressure and water saturation are assumed most of the time. To deal with the non-uniqueness described above and to be able to incorporate the dynamic effects into numerical models, some functional relationship has to be provided. Furthermore, parameters for this relationship need to be determined.
In this paper, first we will introduce different model concepts dealing with nonequilibrium effects in two-phase flow, choosing one of them to examine further. The study is carried out by means of numerical simulations that resemble laboratory experiments for the measurement of capillary pressure-saturation relationships. At the local scale, it is assumed that Darcy's law and the traditional capillary pressure theory hold.
Extended capillary pressure-saturation relationships
In the following, different model concepts will be described which capture nonequilibrium effects in the constitutive relationships of two-phase flow. HASSANIZADEH & GRAY (1993) volume averaged pore scale balance equations for mass, momentum, energy and entropy. The authors arrived at a functional relationship between the rate of change of water saturation, t S ∂ ∂ / w , and the difference between the pressures of the non-wetting phase, P n , the wetting phase, P w , and the capillary pressure at equilibrium, , (static or steady-state) at a given saturation. As a first approximation, they linearised the relationship, assuming that under static or steady-state conditions the rate of change of saturation and thus the difference between the three pressures would be zero (see Eqn. 2.1). The negative sign on the left hand side ensures that the entropy production is always larger than zero. Here τ can be regarded as a damping or relaxation coefficient, in this paper we will call it a damping coefficient. For the sake of brevity, the rate of change of water saturation will be abbreviated to saturation rate.
Under dynamic flow conditions the difference in the phase pressures may not equal the equilibrium capillary pressure. For the sake of brevity, we shall refer to P n -P w as "dynamic capillary pressure", such that Equation (2.1) becomes:
This equation suggests that at a new equilibrium between the dynamic and the equilibrium capillary pressure is not attained instantaneously. The damping coefficient might depend on the water saturation. The equation 2.2 will be referred to as the extended P c -S w relationship in the following.
Based on experimental evidence STAUFFER (1978) came up with a similar relationship suggesting that the damping coefficient τ can be quantified for different soils as given in Eqn. 2.3.
In Eqn 2.3 α is a dimensionless parameter (assumed to be α=0.1), φ is the porosity and K is the intrinsic permeability; µ w is the dynamic viscosity and ρ w the density of water; P d and λ are the BROOKS & COREY parameters (see Section 3.1 and Eqn. 2.5). STAUFFER (1978) also examined dynamic effects in the relative permeability-saturation relationship but found them to be of minor importance for the analysed cases.
Concluding from pore scale flow processes BARENBLATT state that during imbibition processes non-equilibrium effects arise due to redistribution processes on the pore scale. During imbibition the relative permeability of the wetting phase might then be higher than the one evaluated at the actual water saturation due to the system's relaxation. They, therefore, suggested the introduction of an apparent water saturation η, which differs from the actual saturation S w as defined in Eqn. 2.4. The constitutive relationships, which are not altered, would be evaluated based on the value of η instead of the actual water saturation. For example, for imbibition processes the apparent saturation of the wetting phase would be larger than the actual water saturation, consequently, the relative permeability k rw would be higher than if evaluated based on Draft Version S w . This is in agreement with laboratory observations. At equilibrium the saturation η equals the actual water saturation. In order to define a relation between the nonequilibrium and the actual saturation the authors assume a functional dependence on the relaxation time τ B and the saturation rate arriving at Eqn. 2.4 after a dimensional analysis. The authors not only deal with non-equilibrium effects in the capillary pressuresaturation relationship but link it with a non-equilibrium relative permeability-saturation relationship. BARENBLATT remark that non-equilibrium effects should be taken into account for fast flow processes whose time scale is small compared to the relaxation time τ B . For slow flow processes, whose time scale is in the order of the relaxation time, the assumption of local equilibrium is justified. The authors have applied their model in numerical calculations, as did SILIN AND PATZEK (2004) with their study on the BARENBLATT model. BOURGEAT & PANFILOV (1998) applied homogenisation theory to the balance equations for two immiscible fluids in a porous medium with periodical heterogeneities made up of a coarse background material (superscript c) with embedded fine lenses (superscript f). The water saturation rate within the fine material, damped by the coefficient τ BP , is found to be a function of the difference in capillary pressures of the fine and coarse material (see Eqn. 2.5). , may considered to be similar to the dynamic capillary pressure as equilibrium will be attained slower. The approach of BOURGEAT & PANFILOV (1998) is limited to periodic heterogeneities made up of two kinds of materials. However, in the balance equations of two-phase flow we would prefer a more universal approach, that can be included in the balance equations for two phases easily.
For this paper we will more closely examine the relationship proposed by HASSANI- ZADEH & GRAY (1993) as it is applicable to all kinds of heterogeneity pattern and has not been analysed in detail on the macro-scale. Also, for the moment, we do not want to consider possible dynamic effects in the relative permeability-saturation relationship. It must be noted that the dynamic effect considered here is present only for transient flow, e.g. when the saturation rate is unequal to zero. Thus, cases where P c may depend on the flow velocity (see e.g, DiCarlo and Blunt, 2000) , which might also be the case under steady-state conditions, are not dealt with here.
Before applying the linear relationship between saturation rate and the difference in pressures as proposed by HASSANIZADEH & GRAY (1993) the linearisation has to be tested. Furthermore, functional dependencies, e.g. of τ on the water saturation, the soil parameters, or the domain size, have to be determined. We will study these issues in this paper based on numerical experiments with a continuum-scale model. 
Numerical Experiments
In order to investigate the linear relationship (Eqn. 2.2), numerical experiments are performed on a number of computational domains, with dimensions between 0.03 m and 1.0 m. The domains may be homogeneous or heterogeneous with respect to the permeability and/or entry pressure distribution. At first, the equilibrium capillary pressure-saturation relationship for a given domain is determined. In a second step, dynamic numerical drainage experiments are performed where for each time step the domain averaged phase pressures and the saturation rate are computed. Using these data in Eqn. 2.2, we can then calculate the value of the damping coefficient τ as a function of water saturation. It must be emphasized that it is not the purpose of this paper to show that a heterogeneous domain can be replaced with a homogeneous domain with effective parameters. In other words, we are not performing a full upscaling of equations. Instead, we are assuming that Eqn. 2.1 holds at all various scales and calculate τ at various scales. This is similar to the concept of dynamic viscosity. When upscaling turbulence, the same phenomenological equation is assumed to apply and the corresponding coefficient, dynamic viscosity, is assumed to grow with (time) scale. In this section, the underlying physical-mathematical model, the numerical experiments (initial and boundary conditions, soil parameters), and the averaging procedures will be described.
PHYSICAL-MATHEMATICAL MODEL
The governing equations of two-phase flow in a porous medium on scales larger than the pore scale for an incompressible wetting phase (subscript w) and an incompressible nonwetting phase (subscript n) are given as below (see Eqns. 3.1 and 3.2). Gravity and the contribution of source/sink terms are neglected. The solid phase is regarded as rigid and the intrinsic permeability K as isotropic.
( )
In Eqns. 3.1 and 3.2 the primary variables are the saturations S w and S n and the pressures P w and P n . Φ denotes the porosity, ρ the density, µ the dynamic viscosity, k r the relative permeability, and t the time. These two equations are strongly coupled by the two restrictions given in Eqns. 3.3 and 3.4.
The capillary pressure is assumed to be a unique function of the water saturation (Eqn. The balance equations are solved with the multiphase flow simulator MUFTE-UG (BASTIAN, 1999) based on a node-centered Finite-Volume discretisation in space, the socalled BOX-method (HELMIG, 1997; HUBER & HELMIG, 1999) , and a backwarddifference Euler-scheme for the time discretisation. A quasi Newton-Rhapson algorithm solves the nonlinear system of equations. The linear system of equations evolving during the Newton-Rhapson algorithm is handled with a BiCGStab (stabilised biconjugate gradient) scheme applying a V-multigrid cycle as pre-and post-smoother.
INITIAL AND BOUNDARY CONDITIONS
The damping coefficient τ for a given sample may be determined if and the saturation rate eq dyn , c c P P t S ∂ ∂ w are known at a given saturation. To obtain such data, two kinds of numerical experiments have to be carried out: steady-state (yielding for a given eq c P water saturation) and dynamic experiments (yielding and dyn c P t S ∆ ∆ w ). The corresponding simulations were set up to mimic a flow-through cell.
In a flow-through experiment initially the sample is assumed to be fully saturated with water. The wetting phase pressure varies linearly (from P w to 0) from top to bottom and the non-wetting phase pressure is set to equal the wetting phase pressure plus the entry pressure P d . The boundary conditions are imposed on the sample (read the modelling domain) as given in Table 3 -1 and depicted in Fig. 3-1 . Here denotes the boundary capillary pressure. It is evident that a pressure difference of ∆P within both the wetting and the non-wetting fluids across the sample is imposed. In the steady-state experiment, the boundary capillary pressure is increased stepwise following a geometric series. ∆P is kept constant. This means that only the non-wetting phase pressure is increased. Simulations are run until equilibrium (i.e. steady-state flow for both fluids from top to bottom) is established for a given boundary capillary pressure. To determine whether equilibrium is reached the change of the averaged water saturation (see Eqn. 3.7) and averaged water pressure (see Eqn. 3.9) between two subsequent time steps is less than a residual of ε B c P S <1.0·10 -6 for the water saturation and ε P <1.0·10 -2 Pa for the water pressure. Then the index l of the geometric series is by one (see Table 3 -1) and a new boundary capillary pressure is imposed. The average water saturation of the sample at equilibrium and the corresponding provide one data set for the equilibrium P B c P c -S w function. In the dynamic experiment the boundary capillary pressure is raised at once to a high value . As a result, the non-wetting phase saturation in the sample rises quickly. After each time step average saturation and average phase pressures are calculated. These results are used to obtain and the saturation rate as a function of average saturation. Note that here, contrary to steady-state experiments, the boundary capillary pressure is not representative of the average capillary pressure at intermediate times (see Fig. 4-1) . In the dynamic experiment counter-current flow may occur. In order to analyse the extended P c -S w relationship, numerical experiments were performed with four different set-ups:
• Homogeneous coarse sand (domain size 0.12 m by 0.12 m); this is effectively one-dimensional flow.
• Simple heterogeneity pattern (domain size 0.12 m by 0.12 m) made up of a background material (coarse sand) with two embedded fine sand blocks (see Fig. 3-2 ).
• Heterogeneous permeability distribution based on an isotropic spatiallycorrelated random field (domain size 1.0 m by 1.0 m, see Fig. 3 -2) but with homogeneous entry pressure.
• Heterogeneous permeability and entry pressure distribution based on an isotropic spatially-correlated random field (domain size 1.0 m by 1.0 m). The soil parameters of the coarse and fine sand are listed in Table 3 -2, where also the statistical parameters of the random field are given. For the parametrisation of the equilibrium P c -S w relationship, the BROOKS & COREY (1964) (BC) formula was chosen. For the relative permeability-saturation relationship the BURDINE (1953) formula was applied. The non-wetting phase (NAPL) viscosity (µ n = 0.9⋅10 -3 kg m -1 s -1 ) is 10 % less than the wetting phase (water) viscosity (µ n = 1.0⋅10 -3 kg m -1 s -1 ). Before calculating the parameters for different heterogeneous set-ups, one needs to establish that a Representative Elementary Volume (REV) for the domain considered here exists. For the simple heterogeneous set-up (see Fig. 3 -2) this was shown by ATAIE-ASHTIANI et al. (2001) . For the random heterogeneity field, the arithmetic means of the logarithm of the intrinsic permeabilities were calculated for four different starting points and subsequently increasing averaging domains (see Fig. 3-3) . For the starting point 1, Draft Version the final value does not yet equal the average of the ln K distribution. For all other starting points, an REV is reached even before the whole domain is taken into account. Subsequently the averaging of the pressures and the saturations is performed over the whole domain including boundary nodes for the simple heterogeneity pattern and the spatially correlated random field. V i designates the volume belonging to a node of the node-centred Finite-Volume grid consisting of m nodes. V dom denotes the volume of the whole domain. As we have a node-centered grid the volumes belonging to a node differ even for a regular grid. But basically, Eqn. 3.7 results in an arithmetic mean of the saturation. Based on the averaged water saturations, the saturation rate is calculated. It is approximated based on a central difference scheme (Eqn. 3.8) for each time level t at the time step n. In many experimental set-ups or when applying the method of capillary equilibrium the boundary pressures of the phases yield an average capillary pressure. Whereas this is an appropriate choice for static or steady-state conditions it is not applicable to dynamic experiments. Here, the average phase pressures of the wetting phase <P w > and the non-wetting phase <P n > at time t are calculated after Eqn. 3.9, where the phase pressure at each node i is weighted by the volume V αi of the phase at node i.
Based on the average phase pressures the capillary pressure can be calculated after Eq. 3.10.
Interpretation of the simulation results
In the following we will show the variations of capillary pressures and the water saturation rate as a function of the water saturation. These two quantities provide the basis for a regression minimizing the sum of squared differences between the extended P c -S w relationship and data points. But, first we want to draw attention to the temporal development of the capillary pressures of a steady-state experiment in comparison to a dynamic experiment (see Fig.  4 -1). We compare three capillary pressures as function of time:
• The boundary capillary pressure for the steady-state experiment as defined in Table 3-1. B c P
• The averaged capillary pressure as given in Eqn. 3.10 for the steady-state experiment.
• The averaged capillary pressure as given in Eqn. 3.10 for the dynamic experiment. During the steady-state experiment, the boundary capillary pressure is a good approximation (at least for the first eight pressure steps) of the difference in the averaged phase pressures w n P P − . On the contrary, the averaged capillary pressure does not equal the boundary capillary pressure during the complete dynamic experiment. Next the difference between the dynamic and equilibrium capillary pressures and the rate of change of saturation are plotted as functions of water saturation (see Fig. 4-3) . The difference between dynamic and the equilibrium capillary pressures as a function of the water saturation is not monotonously decreasing. It has a local maximum at a water saturation
. For saturations less than this, the difference decreases monotonously for decreasing water saturations. At the same time, the saturation rate is monotonously decreasing for all water saturations. The nonmonotonous behaviour of the difference between dynamic and equilibrium capillary pressures is not caused by the large difference in the phase pressures during the first two time steps. These are not taken into account. A similar behaviour can be observed for different heterogeneous set-ups. This is probably related to the fact that at an averaged water saturation of 7 . 0 w ≅ S the fine sand lenses are still fully water saturated. Clearly three data points for one regression are not enough to test a linear relationship. However, especially the highly negative values for b suggest, that the linear relationship is at least questionable, because the difference in the pressures should always be positive for drainage processes. A value of b smaller than zero means that at a saturation rate of zero the difference in phase pressures and equilibrium capillary pressure equals -552 Pa when it is expected to be zero. Also, at equilibrium between the phase pressures and the equilibrium capillary pressure the saturation rate would be (in this case) negative. DAHLE ET AL. (this book) also determine b-values unequal to zero based on a bundle of capillary tubes model. Pa. In our case the intrinsic permeability is a factor of 10 4 larger and the entry pressure is a factor of 10 smaller. According to STAUFFER's formula (Eqn. 2.3) the value of τ should be decreasing for increasing permeability and decreasing entry pressure. These trends are confirmed by the results of the simulations compared to the results of obtained KALAYDJIAN (1992) . In the following the damping coefficient τ will be determined based on the assumption that the linear relationship holds for all ranges of the saturation rate and that the extended P c -S w relationship runs through the origin. This assumption reduces the number of simulations required significantly and should show trends in the τ(S w ) even if the relationship cannot be regarded as linear for all saturation rates. is not pronounced, implying that a linear relationship could hold for high water saturations. However, for smaller water saturations the functions differ. This can be interpreted as a functional dependence of τ on the saturation rate. In order to interpret the results the influence of the driving forces can be contemplated, e.g. the capillary number determines the dominating forces of a two-phase flow system. The application of the capillary number would required a steady-state flow field. We will here assume that for a given water saturation we can compare the saturation rate (and thus the flow velocities) of the three different experiments although steady-state is not given. The capillary number can be defined according to Eqn. 5.1 after HILFER (1996) , where v w denotes the flow velocity of the wetting phase, L denotes a characteristic length and denotes a typical capillary pressure of the system. In the three numerical experiments described above the viscosity, the characteristic length and intrinsic permeability K do not differ. For the influence of the capillary forces, the typical capillary pressure, we can apply the boundary capillary pressure. We may assume here the saturation rate to be proportional to the flow velocity of the wetting phase. In the numerical experiments the saturation rate increases with increasing boundary capillary pressure. Thus, the viscous as well as the capillary forces would increase which complicates the interpretation of the results. One should apply Neumann boundary conditions to make the conditions less ambiguous. KALAYDJIAN (1992) determined values for τ(S w ) for two imbibition processes varying the influx. For higher flow velocities he obtained smaller τ values as compared to τ values of a laboratory experiment inducing lower flow velocities. Assuming that the capillary forces can be considered as equal for the two experiments, τ would decrease with increasing viscous forces. Summarising, we would like to state, that τ should rather be interpreted as a function of water saturation, of soil and fluid parameters, and perhaps of the saturation rate rather than interpreting it as a function of dominating forces. There are approaches analysing a functional dependence of capillary pressure on the flow velocity (see e.g. DiCarlo and Blunt, 2000) .
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Influence of the domain size
To investigate the influence of domain size, in addition to the 0.12 m high domain studied so far, three other domains namely (0.03 m, 0.05 m and 1.0 m high) are considered for a boundary capillary pressure of . In order to minimise the influence of the pressure difference within the phase pressures from top to bottom the initial pressure gradient was set to ∇ for all three domain sizes. All domains were discretised with the same grid spacing of ). The damping coefficient τ was determined based on the assumptions that the linear relationship holds and that it runs through the origin (see Eqn 2.1). With increasing domain size, the value of the damping coefficient increases. This is to be expected, as for increasing domain size the saturation rate decreases and the difference between the average dynamic and equilibrium capillary pressures increases. At any given node, the difference between the dynamic and equilibrium capillary pressure would always be zero because we assume local capillary.
Draft Version
Similar effects have been observed in pore-network simulations (GIELEN, 2003) . In order to show that our results are not affected by numerical discretisation, we have determined and compared the functions τ(S w ) of two simulations with the same domain size (height = 1.0 m) but with different grid spacings (see Fig. 6-2) . The grid size has a small influence on the function τ(S w ) when the water saturation approaches S w →1.0. The discretisation needs to be fine enough to resolve the front correctly and to minimise numerical dispersion, thus a finer resolution is needed when calculating τ(S w →1.0). But, on the whole, it is clear that even for the 1 m by 1 m domain, the discretisation is fine enough and our results are hardly influenced by numerical dispersion. 
Influence of heterogeneity
One presumption is that the dynamic effects as captured in the extended P c -S w relationship can be caused by soil heterogeneities in intrinsic permeabilities or constitutive properties. In order to test this assumption, a spatially-correlated isotopic random field was generated (see Section 3.3) for a 1 m by 1 m domain. Three numerical experiments with the same initial and boundary conditions (see Table 3 -1) were performed.
• Case 1: homogeneous set-up as reference case based on the parameters as given in Table 3 -2 under the column "random field". • Case 2: heterogeneous distribution of intrinsic permeabilities and homogeneous P c -S w relationship.
• Case 3: heterogeneous distribution of intrinsic permeabilities with entry pressure P d scaled for each node based on the LEVERETT formula (Eqn. 7.1). Here P d,i denotes the entry pressure at node i. Porosity and the relative permeabilitysaturation relationship are assumed to be homogeneous and the same for all three cases.
Compared to the homogeneous reference case 1 the inclusion of a heterogeneous permeability (case 2) has an influence on the function τ(S w ) (see Fig. 7-1 ). For water saturations of 6 . 0 w < S the damping coefficient τ is higher for case 2 and for 6 . 0 w > S τ is lower for case 2 compared to case 1. Whereas the differences between the phase pressures and the static capillary pressure does not differ significantly for the two cases, the saturation rate of case 2 is up to 50 % smaller than the one of case 1. The lower saturation rate would be caused by the regions of low permeabilities (see Fig. 3-2) especially near the boundaries. The values for the intrinsic permeability differ by a factor of about 50. In order to eliminate the possibility that the shown influence on τ is only caused by the location of the low permeabilities with respect to the boundaries a MonteCarlo-Simulation is required.
If a heterogeneous distribution of the entry pressure is generated based on the permeability field the functions τ(S w ) do not differ for large water saturations (see Fig.  7 -2). Notice that the maximum entry pressure P d = 1286 Pa of the scaled entry pressure distribution is still lower than the boundary capillary pressure, consequently also in case 3 the entry pressure is overcome during the first time steps. An influence on the function τ(S w ) can be discerned for water saturations smaller than S w <0.5. Here the values of the function τ(S w ) for case 3 are lower than the ones for case 2. However, the influence is not pronounced. According to STAUFFER's formula (see Eqn. 2.3) the value of τ should be inversely proportional to intrinsic permeability and directly proportional to the square of the Brooks & Corey parameter entry pressure P d .
Draft Version
Here the value for the entry pressure was varied by 100 %. In the first case we apply the heterogeneous permeability distribution described in Section 7 and a homogeneous P c -S w with an entry pressure of . In the second case the entry pressured is increased to . the resulting values of τ(S w ) differ only slightly (see Fig. 8-1 ). For decreasing water saturations the values of τ for the numerical experiment with the smaller entry pressure of exceeds those of the higher entry pressure ( ) which obviously contradicts the functional relationship proposed by STAUFFER. What is more, the damping coefficient τ for the numerical experiment applying an entry pressure of changes sign. As τ was determined after Eqn. 6.1 it should be positive for drainage processes. However, at water saturations , the difference between the phase pressures and the equilibrium capillary pressure becomes negative. Additionally, we will compare τ(S w ) of case 1 (homogeneous) to the curve τ(S w ) of the 1 m by 1 m domain shown in Fig. 6-1 . The domain sizes of these two numerical experiments are the same. The entry pressure P d of case 1 is 43 % higher than in the case of the coarse sand used for the results shown in Fig. 6-1 and the intrinsic permeability is reduced by a factor of nearly 1000. We find that the value of τ at a water saturation 6 . 0 w = S is increased by a factor of 1000, which suggests that the value of τ is inversely proportional to the intrinsic permeability. With the function τ(S w ) of case 3 (see Fig. 8-1) we have shown that the entry pressure only has an influence for small water saturations. Consequently, it stands to reason that on the macro-scale the influence of the intrinsic permeability on τ(S w ) is more significant than the influence of the static capillary pressure-saturation relationship applied at the local scale.
Summary
In many two-phase flow situations, high pressure gradients can occur where the flow processes are far from the equilibrium conditions employed to determine the relationship between water saturation and capillary pressure. Some authors have proposed extended functional relationships to account for the varying flow conditions (see Section 2). Here the approach of HASSANIZADEH & GRAY (1993) , an extended capillary pressuresaturation relationship (Eqn. 2.1) has been analysed for the macro-scale based on numerical drainage experiments with the following results:
• The boundary conditions (boundary capillary pressure) show an influence on the function τ(S w ).
• The extended, linear P c -S w relationship (Eqn. 2.1) does not hold over the full range of saturation rates.
• The numerically determined values for τ may be as large as τ≈10 7 Pa s.
Assuming the linear relationship holds and forcing it to run through the origin, τ is identified as a (non-linear) function of the water saturation on the macroscale.
• The values of τ(S w ) are influenced by a heterogeneous distribution of intrinsic permeabilities as compared to a homogeneous one.
• The magnitude of τ varies inversely proportional to the magnitude of the intrinsic permeability.
• During some of the conducted numerical drainage experiments the difference between the dynamic and equilibrium capillary pressures was not always larger than (or equal to) zero. So far, this could not be explained especially for the example described in Section 8 where only the entry pressure was varied. It needs to be investigated why this negative difference occurs. The conducted numerical experiments and the subsequent determination of the damping coefficient τ revealed varying magnitudes of τ depending on the boundary conditions, the domain size and the soil parameters. For larger domain sizes, larger values of τ are obtained. That is, τ seems to be scale-dependent.
